, "Protein detection in blood via a chimeric aptafluorescence assay: toward point-of-care diagnostic devices," J. Biomed. Opt. 23(9), 097003 (2018), doi: 10.1117/1.JBO.23.9.097003. Abstract. Paper-based analytics allows building portable and disposable devices for point-of-care (POC) diagnosis. Conventional methods for quantifying proteins exhibit substantial disadvantages related to costs and difficulty of the technique when used in settings where fast and cost-effective assays are needed. We report the successful application of a simple, rapid, easy to use, and label-free aptasensor strategy based on the selective fluorescence of the NMM IX dye. For the probe design, the three-dimensional (3-D) structures of the DNA components were carefully analyzed using software for the 3-D visualization of crystallographic structures. The chimeric aptafluorescence molecule consists of two modules, a detection aptamer and a transduction sequence that induces the specific fluorescence of NMM IX. In the presence of thrombin, a fluorescent spot visible to the naked eye can be observed. The fluorescent response is directly proportional to protein concentration and can be easily quantified colorimetrically using a low-cost microscopy system. The recognition probe design might be adaptable to other relevant biological analytes by changing the sequence of the aptamer. This proof of principle represents a contribution to the development of useful, cheap, reliable, and simple protein quantification assays for POC testing.
Introduction
Detection and quantification of proteins are crucial in many fields of science, principally in the development of molecular diagnostic tools. 1 For this reason, the implementation of simple, rapid, and sensible methods is essential in the clinical medicine field. 2 Conventional protein quantification methods are highly sensitive and selective; however, they are expensive and require trained personnel, expensive instrumentation, and laborious pretreatments of the samples. [3] [4] [5] Lately, point-of-care (POC) diagnostics have been widely studied as an alternative for resource-limited settings, necessary in developing countries. 6 POC devices consist of rapid, portable, and easy to use biosensors for the detection of biological samples associated with a disease or health condition. 6, 7 Aptasensors are playing an essential role in the development of biosensors. Aptasensors use aptamers as a biological sensor for molecular recognition with high affinity and specificity. [8] [9] [10] The aptasensor reporter system consists of an aptamer probe and a reporter molecule, such as a fluorophore or a dye molecule. These reporters can be labeled or label-free. 11 A labeled reporter system consists of an aptamer chemically bound to the reporter molecule. 12 In contrast, in label-free systems, reporters are free fluorophores or dyes that have a particular specificity with the aptamer structure or sequence. 13 DNA fluorescent dyes with interaction-responsive emission have been successfully used in the development of labelfree fluorescent aptasensors.
14 These dyes allow the development of cheaper, versatile, and straightforward fluorescence biosensors. 15 N-Methyl-mesoporphyrin IX (NMM IX) is an anionic porphyrin, characterized by a remarkable structural selectivity for parallel G-quadruplexes DNA. 16 The fluorescence of NMM IX is very weak but exhibits a >20-fold enhancement upon binding to a parallel G-quadruplex DNA. Due to this feature, various authors have used NMM IX and DNA for the detection of a variety of targets like proteins, lead ions, oligonucleotides, and different types of nanoparticles. [17] [18] [19] [20] Thrombin binding aptamers (TBAs) are the most commonly used model systems to demonstrate the proof of concept of aptasensors assays for several reasons. First, usually TBAs are short oligonucleotides; hence, are easy and inexpensive to synthesize. 21 Second, the dissociation constants of the best characterized TBAs are small, in the nanomolar range; therefore, the affinity between the aptamer and the thrombin is high. 21, 22 Also, thrombin is a blood protein, which concentration may vary from pM to μM levels, and consequently, thrombin aptasensors have low enough detection limits as to permit validation at the nanomolar range detection for a POC assay.
Herein, we report the development of a simple, rapid, easy to operate, label-free chimeric aptafluorescence assay (CAFA) for thrombin quantification in blood samples. Our CAFA is based on the use of a thrombin recognition probe, which consists of two oligonucleotide modules built into one construct that can be named as chimeric probe. The first module is a TBA, and the second module is a DNA tertiary structure that binds specifically to NMM IX. In this work, we report the successful application of this simple assay to the identification of thrombin in blood, by measuring the fluorescence emitted by the aptafluorescence probe (AFP) formed by NMM IX and the chimeric probe. The colorimetric response was visible to the naked eye, and we implemented a low-cost microscopy system for quantitative analysis of the stains. Beforehand, to design the chimeric probe, we employed in silico molecular tools. These tools aided in the selection of the most suitable DNA sequence needed for the protein recognition in blood. Furthermore, these tools could potentially be used for the design of a wide range of recognition molecules for the quantification of other blood proteins. This study represents the initial phase in the development of a useful, cheap, reliable, and simple protein quantification method with potential to be translated into a POC device.
Materials and Methods

Materials and Reagents
All deoxyoligonucleotides were purchased from Midland Oligos (Midland, Texas). The sequences, names, and abbreviations used in this work for each oligonucleotide are shown in Table 1 . Thrombin from human plasma (lyophilized powder, ≥1000 NIH units/mg protein) was supplied by Sigma-Aldrich (St. Louis, Missouri). Cellulose nitrate white sterile membrane filters 3-μm pore size were purchased from Sartorius (Göttingen, Germany). N-Methyl-mesoporphyrin IX was ordered from Frontier Scientific (Sunnyvale, California). Human plasma samples were obtained from volunteer donors. The acquisition of the samples and their use was performed in compliance with relevant laws and institutional guidelines and oversaw by a university bioethics committee (Comité de Ética de Investigación en Seres Humanos, Universidad San Francisco de Quito). Thrombin and the NMM IX dye were dissolved in ultrapure distilled water. Oligonucleotides were resuspended in TE 1 X buffer (5 mM Tris-HCl, 0.5 mM EDTA, pH 7.0) and quantified in a Nanodrop 1000 (ThermoScientific, Waltham, Massachusetts). For the folding of the chimeric probe, the oligonucleotide suspensions were heated at 95°C for 10 min and subsequently mixed with an equal volume of 2X HEPES buffer [50 mM HEPES, 40 mM KCl, 400 mM NaCl, 0.1% (w/v) TritonX-100, 2% (v/v) DMSO, pH 7.0]. Then, the solutions were heated to 95°C for 10 min before let to cool slowly to 20°C to allow assembly. Cations other than Na þ and K þ were carefully avoided in the final buffer solutions to prevent undesired effects over the oligonucleotide folding processes.
Sequence and Three-Dimensional Structure
Analysis for the Design of the Chimeric Probe
The first step for the chimeric probe design was to identify all available 3-D structures for (i) DNA aptamers that specifically may bind to thrombin (i.e., HD1 aptamer) and (ii) parallel G-quadruplex DNA structures that could trigger the fluorescence of NMM IX (i.e., c-Myc). Previously, we have reported systems where the same DNA molecule folded on a G-quadruplex structure that exhibits medium fluorescence intensity by itself in certain cases. 25 In addition, G-quadruplex structures can bind to small organic dyes with good specificities. 25, 26 Furthermore, the NMM IX dye fluoresces with high intensity when bound to parallel G-quadruplexes but does not fluoresce or fluoresces with much lower intensity, when bound to other DNA structures. 16 These considerations were critical for the selection of the chimeric probe as the reporter for our study.
As a second step, we performed an in silico 3-D structure analysis where both nucleotide components were visualized with VMD (University of Illinois at Urbana-Champaign, version 1.9.2) to define molecular structure-based criteria to design a single DNA strand sequence that when folded will contain the two main elements-the aptamer and the parallel G-quadruplex oligo-without interfering with each other. Visualizing the structures, we identified intramolecular interactions directly involved in the assembly of each molecule in the chimeric probe. An important question for the chimeric probe construction is whether or not to use a linker sequence between the building blocks to avoid unwanted DNA structures. We investigated the question by checking if when the two sequences bind, there was not a section with a prima facie substantial probability to form other tertiary superstructures. For this, we considered that if the part of the whole sequence that acts as a bridge has too many guanine residues, it could lead to the formation of undesired G-quadruplex structures. To solve that problem, we count the number of available guanines in the space between the blocks. Based on this analysis, we The difference with the chimeric probe is that the 3-D assembly is not performed.
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Independently of the previous analysis, the protein structure and the binding sites of blood DNAses were inspected to make sure that they will not cleave, or else strongly modify the chimeric probe when implementing the biosensor for blood samples. If the 3-D structure was available, we visualized it with VMD, and identified the type of 3-D structure of the DNA ligand that binds to the enzyme. If the 3-D structure was not available, we checked the literature for other evidence. [27] [28] [29] [30] [31] To verify if the in silico chimeric probe design was adequate, we tested control sequences via both CAFA and, absorbance and emission spectroscopy validations. Controls for the spectroscopy validation were a TBA and a parallel G-quadruplex oligonucleotide. For the CAFA, we tested the same controls used in the spectroscopic analysis plus two controls that consisted of the chimeric probe designed with suitable modifications. One control had the same sequence as the designed chimeric probe; the difference was that the assembly process described in Sec. 2.1 was not performed before carrying out the CAFA. The second control probe was the same chimeric probe with the difference that we substituted three Gs for three Ts (residues 21, 22, and 23) and other G for A (residue 19) in the parallel G-quadruplex oligonucleotide as shown in Table 1 .
Absorbance and Emission Spectroscopy from Solution Samples
Spectroscopic methods were used to characterize the correct folding of the construct and its potential use as a reporter molecule both in solution, and on the surface of a nitrocellulose membrane. For this, we used a 215-to 2500-nm light source (DT-Mini, Ocean Optics, Dunedin, Florida) to measure in solution the absorbance spectra, and a 405-nm excitation diode laser to excite fluorescence. The corresponding spectra of the chimeric probe and two controls were measured. The controls were, on one hand, a solution of a parallel G-quadruplex DNA sequence and, on the other hand, a solution of the TBA. For the absorbance and emission spectra acquisition, an aqueous solution of 1 μM NMM IX was prepared and used for all measurements. A 10-time excess concentration of the assembled DNA (chimeric probe or control) was added to the NMM IX solution 16 to verify the successful assembly of the complex by checking if a red shift in the absorbance spectrum was observed in these samples, as explained later.
Chimeric Aptafluorescence Assay for Thrombin
Detection on the Surface of a Membrane
Once the chimeric probe was shown to properly assemble, we proceeded to implement a versatile, simple, and economical protocol for thrombin detection using a similar strategy to wellknown blotting techniques. The proposed technique consists in immobilizing the blood plasma sample on the surface of a solid matrix, followed by the addition of the chimeric probe and the NMM IX dye. The chimeric probe acts both as a thrombin detector and as a reporter complex in the presence of the dye. The unbound chimeric probe is removed by washing the matrix several times, thus avoiding unspecific binding and false positives. If there is no thrombin in the sample, the chimeric probe and the NMM IX dye are washed and no fluorescence is observed.
In our design, the nitrocellulose membrane was previously activated by immersion on 1× TBS buffer. The membrane was allowed to dry for 5 min. The blood samples were collected in sodium citrated anticoagulant tubes and centrifuged at 1500 rpm for 15 min to recover only blood plasma. About 1 μL of plasma aliquots was spotted on the membrane. Next, the membrane was blocked by immersion on 1× TBS buffer for 30 min and allowed to air dry. From this point, two methodologies were tested to find an optimal protocol for thrombin detection on the blood plasma samples (Fig. 1 ). In the first methodology (one-step methodology), the AFP was constructed by preincubation of the chimeric probe with the NMM IX dye at room temperature for 1 h. About 2 μL of this mixture was spotted on the membrane. On the second methodology (two-steps Fig. 1 Methodologies used for the CAFA. (a) One-step methodology, the NMM IX dye, and the chimeric probe were previously mixed forming the aptafluorescence probe (AFP) before the addition to the nitrocellulose membrane. (b) Two-step methodology, the chimeric probe was first mixed with thrombin on the membrane, and in a second step, the NMM IX was added.
Journal of Biomedical Optics 097003-3 September 2018 • Vol. 23 (9) methodology), 2 μL of the chimeric probe was added directly to the samples on the membrane and was allowed to react for 1 h at RT, before rinsing for three times with 1× TBS buffer with Tween20. Next, 2 μL of NMM IX was added to the sample spots ( Fig. 1) . That is, while in the one-step methodology, the AFP was constructed before its application on the membrane; in the two-step methodology, the chimeric probe is first incubated with the thrombin and then incubated with the dye to form the AFP. Three final rinses with 1× TBS buffer with Tween20 were performed to eliminate all the nonspecifically bound molecules of the chimeric probe and the NMM IX dye.
To validate the design of the chimeric probe, we tested control probes with the AFP assay. The control probes, which were previously described in Sec. 2.2, were (1) the TBA, (2) the parallel G-quadruplex oligo, (3) the nonassembled chimeric probe, and (4) the modified chimeric probe control.
Once the proper methodology was selected, we proceeded to optimize the concentration of the chimeric probe and the NMM IX dye. The concentrations tested for the probe and the NMM IX were 10:5, 10:10, 10:20, 20:5, 20:10, 20:20, 40:5, 40:10, and 40∶5 μM (chimeric probe:NMM IX dye, respectively); the three immersion times were 2, 5, and 10 min, respectively.
Low-Cost Point-of-Care Measurement System
For the measurement system, we used an optical microscope (Motic, Richmond, British Columbia, Canada), the light of a UV lamp (DT-Mini) pointed via a suitable optical fiber directly at the membrane, and a high-pass filter (500 nm, Thorlabs, Newton, New Jersey) positioned in between the optical imaging system and a CCD camera (5 Mp, Motic, Richmond, British Columbia, Canada) used to acquire images. Images were analyzed with ImageJ v.1.5. 32 The intensity of the spots was calculated by measuring the mean gray value, sampling in five equivalent different circular regions in the spot. These circular regions were selected randomly avoiding only the edges of the spots. All measurements were done in triplicate.
Standard Addition Technique for Thrombin Quantification
The standard addition technique was performed to obtain a calibration curve of the image quantification of six thrombin concentrations: 1 nM, 5 nM, 50 nM, 0.5 μM, 5 μM, and 10 μM of thrombin diluted on 1% plasma samples. All the samples were processed according to the protocol described in Secs. 2.4 and 2.5.
Whole Blood Aptasensor Point-of-Care Assay
To build a POC device, we tested the CAFA using whole blood as a sample (instead of plasma). Blood samples were collected using Accu-Chek lancets (F. Hoffmann-La Roche AG, Basel, Switzerland), in blood collection tubes both with and without citrate as an anticoagulant. Blood samples were processed, directly or diluted in water, following the protocol described in Secs. 2.4 and 2.5. To find the best test, we used as parameters the intensity of the spot formed and the size of the halo generated in it (plasma halo thickness). The plasma halo thickness was measured in the software ImageJ by tracing a straight line transverse to the halo generated in the spot. The intensity was measured only in the area corresponding to the generated halo.
Statistical Evaluation
A Shapiro-Wilk test was performed to analyze whether the measurements are normally distributed or not. In all the samples, the null hypothesis was rejected (p > 0.05), hence an ANOVA oneway test was performed and subsequently a Tukey test to identify significant differences between each assay.
3 Results and Discussion
Sequence and Three-Dimensional Structure Analysis for the AFP Design
The technological advances allow the use of sophisticated and easy to use computational tools that can contribute significantly to speed up the experimental design. Without a doubt, software for molecular visualization is a crucial tool for the evaluation of complex molecular recognition assemblies. 33, 34 We demonstrate in this work evidence of these capabilities by constructing an aptamer-based biosensor for thrombin detection in blood plasma samples and whole blood samples. With the use of in silico molecular visualization tools, we avoided unnecessary trials and error experiments in the selection of detection probes for the biosensor, saving time, and resources.
Based on the sequence and 3-D structure analysis of candidate oligonucleotides reported in the literature, the selected sequences to build the chimeric probe were the TBA HD1 [35] [36] [37] and the c-Myc oligonucleotide (the parallel G-quadruplex structure). [38] [39] [40] In the literature, six TBAs were found as possible candidates to form the chimeric probe. Aptamer HD1 was selected because it is the best characterized, has the most straightforward structure, and the shortest sequence. Moreover, for the selection of the parallel G-quadruplex oligonucleotide, four candidates were analyzed. From these, the oligonucleotide c-Myc was selected because it was the only one with a unimolecular structure. It has also been reported in the literature that in the presence of the c-Myc G-quadruplex structure, NMM IX dye fluoresces higher than in the presence of the other oligonucleotides. 16 For the chimeric probe construction, two possible arrangements of the selected oligonucleotides were considered plausible (5'-c-Myc/HD1-3' and 5'-HD1/c-Myc-3'). The c-Myc/ HD1 arrangement was discarded as it was observed that the thrombin binding site in HD1 is too close to the 5'end, so the assembly of c-Myc might potentially block this site. The HD1/c-Myc arrangement was selected upon the introduction of proper modifications in its sequence. These modifications were meant under consideration that the union of both oligonucleotides leaves three consecutive guanines, which can generate the formation of an undesired G-quadruplex structure and modify the original 3-D structure of the sequences. Based on the a priori 3-D evidence mentioned in Sec. 2.2, a linker consisting of two thymines was introduced between the sequences of these two blocks to avoid the formation of undesirable structures. Additionally, a substitution (G/A) on the original sequence of c-Myc was needed to prevent the formation of unwanted tertiary structures. In this manner, two thymines were attached to the 3'end guanine of the HD1 aptamer (residue 15), and this framework was attached to the 5'end thymine of the modified C-Myc oligonucleotide (residue 1) (Fig. 2) . A similar approach could be used to design a CAFA for other relevant molecular targets allowing the implementation of the experimental protocol reported here for many other bioanalytical applications.
Spectroscopic Characterization of the Chimeric Probe Assembly in Solution
When the NMM IX dye is in the presence of a parallel G-quadruplex DNA (c-Myc), two phenomena occur: the emission of the dye increases and the absorption spectra is red-shifted. 16, 41 Both phenomena were observed in the corresponding absorption and emission spectra in solution (Fig. 3) . For NMM IX, an absorption peak at 378 nm [ Fig. 3(a) ] and a very low fluorescent emission were observed [ Fig. 3(b) ]. However, as expected, a significant increase in emission occurred when the same dye solution was mixed with the chimeric probe [ Fig. 3(b) ]. Also, a prominent 21-nm red shift in the absorbance spectrum was observed [ Fig. 3(a) ]. These two findings demonstrate that in solution, the chimeric probe is folding as expected. 16 In the case of the control solution NMM IX-HD1, a lower fluorescence than that of the chimeric probe was observed, as also expected. A lower fluorescence is consistent with previous reports where G-quadruplex nonparallel oligonucleotides, like the HD1 aptamer, induced lower fluorescence than parallel G-quadruplex oligonucleotides. 16 For the NMM IX-c-Myc solution control, the fluorescence was almost as intense as that of the chimeric probe. This suggests that the G-quadruplex parallel structure was conserved when the c-Myc was added as a module within the chimeric probe. In summary, in solution, the chimeric probe shows the same fluorescence than c-Myc control and higher fluorescence than HD1 aptamer and, by these means, demonstrates full detection capabilities.
Chimeric Aptafluorescence Assay for Chimeric Probe Design Validation
The CAFA was carried out for the validation of the designed chimeric probe by means of the detection of thrombin in blood plasma. For this purpose, we used the results obtained with the one-step methodology. The reason for this choice is explained in detail in Sec. 3.4.
The results showed that when we immobilized thrombin on the surface of the nitrocellulose matrix, AFP worked by binding to thrombin in the first place, and then reporting a fluorescent signal that can be easily translated into thrombin abundance. This fluorescence can be easily detected with our low-cost measurement system. In addition, the results of the CAFA performed on the controls also allow validating the performance of the chimeric probe. The CAFA carried out with the HD1 aptamer as probe control, showed a significant fluorescence signal because it has an antiparallel G-quadruplex structure (Fig. 4) . It has been reported that NMM IX fluorescence increases 60-fold in the presence of parallel G-quadruplex structures and only 10-fold when it is an antiparallel G-quadruplex. 16, 17, 42 Therefore, in the presence of thrombin, the antiparallel HD1 probe attached to the dye binds to the membrane and fluoresces efficiently (Fig. 4) ; however, the difference is evident when comparing the fluorescence of the chimeric probe treatment versus the HD1 control probe treatment (p ¼ 10 −7 for the Tukey multiple comparisons of means). The enhanced fluorescence of the chimeric probe in comparison with that of the HD1 probe in CAFA demonstrates that the presence of the c-Myc oligonucleotide is essential to obtain a biosensor with higher sensitivity and accuracy (Fig. 4) .
In contrast, the CAFA performed on c-Myc acts as a negative control because it does not bind to the thrombin immobilized in the membrane and washes from the matrix almost entirely. As expected, this results on a very weak signal (Fig. 4) .
Moreover, we tested a nonassembled chimeric probe (NACP) and a mutated chimeric probe (MCP) to demonstrate that both the thrombin detection and reporter capability depend on their 3-D structure. As expected, the results for both assays resulted again in a weak signal (Fig. 4) . With the NACP probe, the signal was comparable to that observed with the c-Myc negative control assay. As the assembly procedure was not performed with NACP, the probe does not bind to thrombin, and therefore, it is removed during the washing. Consequently, does not fluoresce, similarly to what happened with the c-Myc assay (Fig. 4) . Also, the MCP probe did not assemble because of the mutation introduced into the c-Myc sequence, and as a consequence, the corresponding observed fluorescence was weaker that the successful probes (Fig. 4) . We suspect that the substituted nucleotides in the sequence introduced new structural (9) interactions, forcing the MCP to adopt a nonbinding structure. The results obtained with the NACP and MCP controls show that the computational analysis of the chemical probe structure is very useful to design adequate probes for the CAFA.
Optimization of Chimeric Aptafluorescence Assay
The one-step methodology was found to be the most efficient, as it generated the highest fluorescence signal observed (Fig. 5) .
That is, a significantly higher fluorescence signal was produced when the AFP was formed by a probe-dye preincubation (the one-step methodology) in comparison to when the incubation occurred directly on the membrane (p < 0.002 for the Tukey multiple comparisons of means). In the one-step methodology, the interaction between the probe and the dye occurs in solution, whereas in the two-step methodology, this interaction happens on the surface of a solid matrix. In solution, the available volume is larger, and molecules can arrange themselves to better interact, which does not occur as easily on the solid matrix. The Journal of Biomedical Optics 097003-7 September 2018 • Vol. 23 (9) result is ∼4 times larger fluorescence signal in the one-step methodology and as a consequence, greater assay sensitivity (Fig. 5) .
Regarding the optimization of the ratio between the chimeric probe and the dye concentrations, it was found that the best ratio was 40-μM chimeric probe: 20-μM NMM IX. Additionally, for the immersion times on the washing buffer, the best conditions were obtained when we performed three immersions of 5 min each. With this method, there is not a significant difference in signal intensity (with a p ¼ 0.052) between the c-Myc assay and the signal of a spot, where plasma alone was incubated with the dye. Therefore, we conclude that the dye nonspecifically bound to the membrane completely washes away.
Chimeric Aptafluorescence Assay-Quantification Assay
For the experimental conditions on the CAFA-quantification assay, we maintained constant the concentration ratio (40-μM chimeric probe: 20-μM NMM IX); therefore, there is a limit in the amount of thrombin that can bind this limited amount of aptamer. As expected, we found that the curve follows a typical saturation behavior (Fig. 6) . To quantify the amount of thrombin is more convenient to use only the linear region, and for all the following calculations, we used the section shown in Fig. 6(c) . The calibration curve [ Fig. 6(c) ] obtained by the standard addition technique indicates an almost linear association between the color intensity of the spot and the thrombin concentration in plasma (correlation coefficient
The association found means that the assay successfully permits quantifying thrombin in plasma with a suitable sensitivity. Furthermore, this behavior can easily be observed with the naked eye. At a 0.001-μM thrombin concentration, the color intensity of the spot is very similar to that of the plasma control. The standard definition of detection limit (LOD) establishes that the lowest detectable concentration should be equal to the concentration of sample corresponding to the blank signal value plus three standard deviations of the blank. 43 By this definition, the LOD of our method is calculated to be 0.11 μM. Standard additions with higher concentrations to the ones shown in Fig. 6 were not performed, as the typical concentrations of thrombin and other expressed proteins in blood in human blood range between 0.47 mM for albumin and 0.042 nM for Troponin I approximately. 44 
Toward a Point-of-Care Diagnostic Device
The results obtained in the whole blood assay demonstrate that it is not necessary to employ pure plasma in the CAFA. The assay works efficiently using whole blood, and it is not necessary to use any anticoagulant. In this way, this biosensor can be part of a strategy for the development of a POC device. Figure 7 (a) shows the spot obtained when processing a diluted sample of blood with the protocol that we propose. It is observed that the thrombin of the sample is concentrated Journal of Biomedical Optics 097003-8 September 2018
• Vol. 23 (9) in the edges of the spot, and little or no signal is observed in the center. Depending on the porosity of the membrane, the red blood cells either are retained or let through by the membrane. 45, 46 The red blood cells have an average size of 5 μm;
46 therefore, it can be assumed that the red cells are retained on the membrane, whereas the plasma migrates by capillarity through the pores. The center of the spot has no fluorescence because the chimeric probe does not bind to red cells, which is why fluorescence is observed only in the plasma, where thrombin is concentrated.
An essential factor to consider is the dilution of the blood used. The sensitivity of the assay depends directly on the volume of plasma separated from the blood sample. 47 When a sample of whole blood is used, the plasma does not separate successfully; this may be because the red cells are very concentrated and clog the membrane. When the blood sample is diluted, the membrane is not saturated, and plasma separation occurs efficiently. As a measure of the efficiency of the separation, we evaluated the thickness and intensity of the plasma halo obtained. It is observed that at a dilution of 10 −2 the plasma halo is thicker and more intense [ Fig. 7(b) ]. Therefore, a 10 −2 dilution of blood that was found to be optimal to carry out the test of the CAFA is proposed here.
Finally, we investigated whether the blood used should be treated or not with an anticoagulant. For this, we compared the intensity of the signal and the plasma halo thickness obtained in the presence and absence of citrate. The results in both cases did not give significant differences (Fig. 8) . Therefore, for this test, we conclude that the use of anticoagulant agents is not necessary.
In this way, with the use of direct blood samples, the biosensor we introduced here meets the requirements to be used as a POC device. 6, 48, 49 In support of this, we have that it works with: (i) low-volume clinical samples, (ii) minimum user manipulation, (iii) inexpensive disposable membrane for blood separation, and (iv) low-cost equipment detection of proteins.
Chimeric Aptafluorescence Assay Strategy Advantages
The synergistic use of the labeled-free CAFA strategy presented here shows a promising alternative in comparison with more involved techniques used for protein detection. The use of NMM IX dye with the parallel G-quadruplex DNA made this assay very sensitive, reliable, and easily adaptable to detect other biological targets.
The results obtained with the CAFA are comparable, and in some cases, better than those obtained with other reported techniques ( Table 2) . Although some authors report lower detection limits than those obtained in this work, most of these studies employ detection techniques that require highly sophisticated equipment or expensive reagents, such as labeled oligonucleotides. [50] [51] [52] [53] [54] [55] [56] Additionally, none of the other reported techniques in Table 2 employ whole blood as a starting sample, or uses a chimeric label-free aptamer. For the application assay we only required an oligonucleotide, simple folding conditions plus a dye that is noncovalent bound to the DNA, which guarantees the low cost of the system in comparison with labeled probes. 57 The qualities of being inexpensive and straightforward for our detection technique and further that we can use whole nonseparated blood are extremely useful for the development of a POC device.
In this manner, the main advantages of our aptamer strategy are six: (i) it demands minimal amounts of reagents (aliquots of 2 μL or less with μM concentrations), (ii) nucleic acid optimized aptamers are significantly more resistant than antibodies to denaturation and can be refolded if needed, (iii) aptamer at the conditions reported here are cost competitive with antibodies, (iv) multiple samples can be measured simultaneously as digital imaging is used for acquisition and image processing/quantification could be automated and finally, (v) the one-step methodology introduced here is fast and straightforward to apply.
Conclusions
We have developed a fast and easy-to-use aptasensor and demonstrated its capabilities to detect proteins of biological and physiological interest in blood samples. Sensibility, linearity, and LOD are perfect for a low cost and rapid assay based on a label-free strategy. The CAFA works by implementing two modules: the first, a detection module-aptamer-and second, a transduction module-sequence that induces specific fluorescence of NMM IX. Most importantly, this design can be adaptable to other analytes that are either proteins or other metabolites in blood, by changing the specific sequence of the detection module. We have also demonstrated that the biosensor is amenable to be used as a POC device.
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